Abstract-Experimental results are presented demonstrating how four-wave mixing in a semiconductor optical amplifier can be used to remove pulse pedestals introduced due to nonlinearities which occur upon pulse propagation in an optical system. Such pedestals would degrade the performance of an optical time-division-multiplexed system due to coherent interaction between channels. An improvement of the temporal pulse suppression ratio to greater than 30 dB is achieved regardless of the level of the pulse pedestal on the input signal. This improvement takes place simultaneously with wavelength conversion and compression of the optical pulse.
I. INTRODUCTION
M UCH research has focused on the implementation of optical time-division multiplexing (OTDM) as a means to realize future high-speed optical communications systems [1] . A vital component of any such system is the picosecond pulse used to carry the optical data. One aspect of such pulses which requires particular attention for OTDM systems is the temporal pedestal suppression ratio (TPSR) of the pulses. For example, it has been reported that a TPSR of 30 dB is required for the successful operation of a 40-Gb/s OTDM system [2] . This level is difficult to maintain using the typical picosecond pulse generation techniques of mode-locking, gain-switching, and using electroabsorption modulators (EAMs). For these reasons, several techniques have been put forward to improve the TPSR to levels required for error-free operation of OTDM systems. Such techniques include those which use an EAM [3] , a nonlinear amplifying loop mirror (NALM) [4] , self-phase modulation in a semiconductor optical amplifier (SOA) [5] and, recently, a micro-cavity-based saturable absorber [6] .
However, even if a TPSR greater than 30 dB is achieved using the techniques described above the TPSR also degrades as the pulses propagate through the system due to nonlinearities in the transmission fiber [7] , and due to gain saturation effects in SOAs [8] . These devices are widely seen as key components in future optical systems [9] . In this letter, a novel technique is put forward to restore the TPSR to greater than 30 dB, while simultaneously wavelength-converting the signal and compressing the four-wave-mixing (FWM) signal pulsewidth. This technique uses the gating properties of FWM in a multiquantum-well SOA. In this process, optical beating occurs between a pump and a probe signal to generate a conjugate signal whose wavelength is determined by the wavelength detuning between the pump and probe signal. Results have been presented in the literature demonstrating the regeneration properties of FWM in SOAs at data rates of 2.5 Gb/s, but not for the specific case of pedestal suppression [10] , [11] . Furthermore, no experimental results have been presented for pulses as short as 2 ps. No experimental results have been presented which completely characterize the pulse waveforms of input pump-probe and output FWM signals. For pulse pedestal suppression, the signal with low TPSR acts as the probe signal. An FWM signal is only generated when the pump and probe intensities are large enough, therefore, the probe pedestal is effectively removed in the FWM process as the pump power is negligible at this position. As well as the suppression of the TPSR, the input signal is also wavelength-converted by the FWM process. Furthermore, the FWM signal has a narrower pulsewidth than the injected probe due to the operation of the FWM process [12] , [13] . This multifunction property of the technique put forward is advantageous as it would limit the complexity, and therefore cost, of the overall optical system.
II. EXPERIMENTAL SETUP
The experimental setup is illustrated in Fig. 1 . Two actively mode-locked laser sources were used to produce optical pulses with duration around 2 ps. The repetition rate of both signals was 10 GHz and the wavelength of the pump laser was 1555 nm for each measurement taken. This wavelength is close to the peak gain wavelength of the SOA under test. The wavelength of the probe laser was fixed at 1565 nm. The probe signal was amplified and a bandpass filter (BPF) with a bandwidth of 2 nm was used in order to remove amplified spontaneous emission (ASE) introduced by the erbium-doped fiber amplifier (EDFA). The pulse pedestal on the probe signal was introduced in the same manner as in [6] . A 50 : 50 coupler was used to split the probe signal. One arm was used as the main probe signal, while the pulse pedestal was introduced using the other arm. An optical delay line (ODL) was inserted to vary the temporal position of the pedestal with respect to the main probe pulse. in the pedestal arm of the coupler in order to ensure that this signal was copolarized with the other signals before injection into the polarization-sensitive frequency resolved optical gating (FROG) measurement system. The recombined probe signal was then coupled with the pump signal before injection into the SOA. The pump signal was amplified and filtered by a BPF with a passband of 5 nm. The duration of the pump pulse injected into the SOA was 2.32 ps, and that of the probe pulse was 2.65 ps. The optimum average powers of the pump and probe signals were 4 and 10 dBm, respectively. These powers were found by maximizing both the conversion efficiency and signal-to-background ratio (SBR) using the FWM spectra measured with an optical spectrum analyzer (OSA) of resolution 0.07 nm. A VOA was placed in the pump arm to optimize its power.
An ODL was also placed in the pump arm of the setup to allow for optimum overlapping of the two signals, to produce the most efficient FWM signal.
The SOA under test was a multiquantum-well device biased at 120 mA, with a peak fiber-to-fiber gain of 25 dB. The length of the active region of the device was 600 m followed by linearly tapered active regions of 500 m at each facet [14] . At the output of the SOA, BPFs were used to isolate the FWM component from the output spectrum and to remove ASE introduced by the EDFA. The bandwidth of both BPFs was 5 nm. The FWM component was then examined using second-harmonic generation FROG [15] . The FROG technique generates a three-dimensional spectrogram, which is a time-frequency representation of the pulse. A phase retrieval program is then applied to allow for the electric field of the pulse to be determined, giving complete temporal and spectral characterization of the pulse [16] . Due to the power requirements of the FROG measurement, an EDFA is used to amplify the pulses before they are input into the FROG measurement system. Low errors of were recorded between the data measured experimentally and those obtained using the retrieval algorithm, which indicates high accuracy [15] . 
III. RESULTS AND DISCUSSION
The pulse waveforms of the injected pump and probe signals, measured using the FROG system are shown in Fig. 2 . The temporal overlap between the pump and probe signals can be seen in this figure. The pump signal has a large TPSR of over 40 dB. However, it should be noted that the error floor of the FROG is 30 dB; therefore, it can be said with confidence that the TPSR is at least 30 dB. Once the TPSR of the pump signal is at least 20 dB, the TPSR of the FWM signal would be large as there would not be sufficient optical power in the beating between the pump pedestal and the probe pedestal to cause significant FWM. The pedestal of the probe signal is located 7 dB below the peak of the probe, with a temporal delay of approximately 11 ps. This value was chosen as it is close to the position where the pedestal would have the greatest impact in a 100-Gb/s system. The optical spectra of the injected pump and probe signals together with those of the signals at the output of the SOA are shown in Fig. 3 . The efficiency of the FWM component is 12.5 dB and the SBR is 9.5 dB, indicating a strong FWM component. The FWM component is generated at a wavelength of around 1545 nm.
In Fig. 4 , the FWM signal generated due to the beating between the pump and a probe signal is presented, together with the initial probe signal. The TPSR of the conjugate signal is 40 dB; however, as already stated, the FROG has an error floor of approximately 30 dB. Therefore, we can say with full confidence that the improvement in the TPSR is at least 23 dB. The removal of the probe pedestal is due to the absence of any beating between this pedestal and the pump signal. For Fig. 4 . Probe signal injected into the SOA and FWM signal generated due to the beating between the pump and the probe.
this reason, the pedestal is effectively removed by the FWM process and the only limitation to the OSNR of the FWM signal is caused by the ASE noise from the SOA, on which the FWM signal is sitting, and the relatively low efficiency of the FWM process. It is important to state that the pump pulsewidth is a critical parameter in achieving a TPSR above 30 dB by this technique. For example, results have been presented which show a TPSR of below 20 dB when the pump pulse was broadened to 4 ps [17] . Another feature of the generated FWM signal is the pulse compression with respect to the injected probe signal. The pulsewidth of the initial probe signal is 2.65 ps, while the FWM signal has a pulsewidth of 2 ps. This compression is expected as the FWM signal is proportional to , where and represent the envelopes of the pump and probe signals, respectively [12] , [13] .
The TPSR of the injected probe signal was then varied using the VOA in the pedestal arm of the probe coupler, shown in the experimental setup in Fig. 1 . The TPSR was varied from 7 to 27 dB and the TPSR of the FWM signal was measured. Regardless of the input probe TPSR, the FWM signal TPSR is consistently greater than 30 dB. This is an important result as the TPSR of the probe signal may vary in a real system. It should also be noted that no degradation of the FWM efficiency or SBR was measured as the intensity of the probe pedestal was varied.
IV. CONCLUSION
A novel technique has been presented to improve the TPSR of 2-ps pulses, at a repetition rate of 10 GHz using FWM in a multiquantum-well SOA. The main section of the probe signal is gated with a high intensity pump signal in the FWM process. The input TPSR of the probe signal was varied from 7 to 27 dB and an FWM TPSR of above 30 dB was consistently measured. The efficiency of the FWM signal was 12.5 dB and the SBR was 9.5 dB. Simultaneous wavelength conversion of the probe signal is achieved from 1565 to 1545 nm and the FWM process compresses the signal from 2.65 to 2 ps.
